We investigated propagating modes in a two-dimensional photonic crystal slab waveguide with a line defect narrower than a single line missing hole structure from the low group velocity point of view. These modes showed low group velocities not due to the conventional distributed feedback ͑DFB͒ between a forward and a backward mode with the same lateral field distribution, but due to a DFB between modes with different lateral field distribution or property of a start point of a photonic-band-gap-guided mode. These low group velocities of over 40 were demonstrated as a Fabry-Pérot lasing oscillation due to gain enhancement.
Recently photonic crystals have attracted much attention because of their capability to control light. Due to their photonic band gap and intentionally introduced defects, very compact cavities or waveguides can be realized. On the other hand, bulk photonic crystals without any defects have unique features due to their anomalous dispersion relation. As well as bulk photonic crystals, line defect waveguides also have very anomalous dispersion relation. Above all, low group velocity is one of the most attractive features of photonic crystal waveguides. [1] [2] [3] It can be applied not only for optical delay but also for increasing a nonlinear effect or an optical gain. [4] [5] [6] [7] About the low group velocities in photonic crystal waveguides, the effect of the distributed feedback ͑DFB͒ at boundaries of Brillouin zones has been mostly considered. However, there are other possible origins of low group velocities, which we investigated in this work. We utilized a line defect structure with narrower width than one row of filled air rods in a two-dimensional photonic crystal slab waveguide and evaluated its propagating modes.
A device used in this experiment is an air clad slab configuration and a photonic crystal formed by air rods in hexagonal lattice arrangement. A line defect waveguide was formed in the photonic crystal, as shown schematically in the inset of Fig. 1͑a͒ . Radii of the air rods are 0.29a, the thickness of the slab is 0.58a, and the waveguide width w defined by a distance between centers of two air rods separated by the line defect is 1.08a, where a is a lattice constant of the photonic crystal. A band diagram of the photonic crystal slab with the waveguide calculated by a three-dimensional finite difference time domain ͑3D-FDTD͒ method is shown in Fig.  1͑a͒ . A series of waveguide modes is formed in the photonic band gap. The dispersion relation of the modes is understood as a mixture of two modes having different natures. 1 One is a photonic-band-gap-guided mode, which is confined by distributed Bragg reflection due to the periodic structure, and the other is an index-guided mode confined by the total internal reflection. In the The series of waveguide modes has three zero group velocity points. The conventional DFB effect, which is a coupling between a forward and a backward mode with the same lateral field distribution, occurred at k = 0.5ϫ 2 / a ͓noted as A in Fig. 1͑a͔͒ . Meanwhile, the DFB effect between a photonic-band-gap-guided mode and an index-guided mode resulted in another zero group velocity at around k = 0.2ϫ 2 / a ͓B in Fig. 1͑a͔͒ . It is a specified feature of multidimensional photonic crystals that coupling of different modes becomes large. Different modes in conventional dielectric waveguides or one-dimensional photonic crystal waveguides are orthogonal, so their coupling is negligible. For the coupling mode at B, the waveguide works as a resonator without forming a standing wave, because a forward mode and a backward mode have different electromagnetic field distribution. Consequently, the time-averaged Poynting vector of the mode is not zero everywhere, but its surface integral over any plane becomes zero, as shown in Figs. 1͑b͒ and 1͑c͒. This property is similar to that of the K point of a bulk hexagonal lattice photonic crystal, which originates from combination of three nonparallel waves and does not form a standing wave. 8 Furthermore, the point at k =0 ϫ 2 / a ͓C in Fig. 1͑a͔͒ is not due to DFB effect. Photonicband-gap-guided modes are reflected in the lateral direction to the waveguide by distributed Bragg reflection, and thus have large lateral wave vector components along the direction perpendicular to the waveguide and in the plane of the slab. Therefore, wave vector components parallel to the waveguides are negligible at the start points, i.e., k Ϸ 0 ϫ 2 / a. This is the reason why photonic-band-gap-guided modes have zero group velocity at k =0ϫ 2 / a. Thus, the points B and C have different origins of low group velocity from that of the point A in the waveguide. All these points can be candidates for zero group velocity in photonic crystal waveguides.
In order to verify optical characteristics of these points experimentally, we fabricated optical-pumped lasers. 9, 10 We formed photonic crystal patterns in an epitaxial wafer with a GaInAsP multi-quantum-well active layer. The photoluminescence peak wavelength of the material is 1.54 m. The air rods and the waveguide facets were formed by electron beam lithography and inductively coupled plasma reactive ion etching ͑ICP-RIE͒ techniques. An air bridge structure was completed by removing a lower InP cladding layer by selective wet chemical etching. The lattice constant was set to 0.47 m so that the wavelength of waveguide modes above the light line would be about 1.55 m. A scanning electron microscopy ͑SEM͒ image of a fabricated device is shown in Fig. 2 . Lasing characteristics of the device were measured by an optical-pumping method. The pulsed pumping light with the wavelength of 0.98 m was irradiated in normal direction to the slab. Emission of the waveguide was monitored from the same direction. The diameter of the pumped area was ϳ20 m.
Emission from the whole waveguide was observed for a device with a waveguide length of 70 m, as shown in Fig.  3͑a͒ . Figure 4͑a͒ shows lasing spectra with various excitation powers, and the inset of Fig. 4͑a͒ is the L-L curve of the mode with lowest threshold power, which has clear threshold characteristics. The spectrum linewidths are limited to be 0.2 nm by the resolution of an equipment we used. Lasing operation became multimode when the excitation power was high. The mode with the longest wavelength exhibited the lowest threshold excitation power, and the other modes started lasing in order of wavelength. Judging from the lasing spectra, this oscillation was considered to be Fabry-Pérot resonance assisted by the low group velocity effect other than a pure zero group velocity. From a mode spacing of the Fabry-Pérot resonance, a group index n g can be estimated as n g =1/2l͑1/ 2 −1/ 1 ͒, where 1 Bright spot seen in the center of the waveguide is the excitation spot. ͑a͒ Emission from the whole waveguide. The operation point is considered to be around C in Fig. 2͑a͒ . ͑b͒ Emission from the facets of the waveguide. The operation point is considered to be around B in Fig. 2͑a͒.   FIG. 4 . Lasing spectra with various excitation powers. ͑a͒ and ͑b͒ correspond to Figs. 3͑a͒ and 3͑b͒ , respectively. Inset shows L-L characteristic of the mode with lowest threshold power. the longer wavelength, respectively. These values are about ten times larger than that of conventional semiconductor waveguides. It is considered that such large group indices, i.e., low group velocities, cause gain enhancement and thus Fabry-Pérot lasing occurred even in the short cavity of 70 m and the short excitation length of 20 m. This is consistent with the tendency that the longer wavelength mode, which has a large group index, shows the lower threshold power although it is farther from the gain peak. There are two regions which have larger group indices for longer wavelengths in the dispersion relation in Fig. 1͑a͒ . One is around A below the light line and the other is C above the light line. Because we observed vertical emission, the operation points of this device are considered to be around C in Fig. 1͑a͒ . Although group indices at least 50 are expected from our calculation, the experimental results are smaller than 50. The dispersion relation of the series of modes is determined by the relation of two different kinds of modes and may be sensitive to structural parameters such as radii of the air rods or thickness of the slab. Figure 3͑b͒ pictures laser operation without vertical emission except the waveguide facets, which was also observed in another device with a waveguide length of 50 m. It was also a multimode operation, as shown in Fig. 4͑b͒ . These lasing modes which have shorter wavelengths than the results described above are considered to be at around B in Fig. 1͑a͒ . Emitting angle of these modes around k = 0.2 ϫ 2 / a is calculated to be more than 42°to the direction normal to the slab, which corresponds to 0.67 of numerical aperture ͑NA͒. The emission from the whole waveguide was therefore out of the NA of the objective lens and could not be observed. Unlike the result in Fig. 4͑a͒ , the mode spacing does not change monotonically and the thresholds of the modes are not always in the order of the wavelength. The modes around B in Fig. 1͑a͒ become laterally multimode except for the very zero group velocity point. Moreover, there is a possibility of coupling between modes with the different lateral profiles. The waveguide modes which form Bloch waves due to the periodicity cannot always preserve their own profile at the facet where the periodicity is broken. Therefore return paths of the Fabry-Pérot resonator become multiple. Any wavelength which satisfies phase condition of Fabry-Pérot resonator on a certain return path can lase. In this case, an order of threshold corresponds not simply to n g but also to the reflectance at the facet of the return path. However, modes with shorter wavelengths are still dominant in the spectra. This fact suggests that the group indices, which tend to be large for shorter wavelength, dominated the lasing oscillation also in this device.
An enhancement of the optical gain per unit length by a low group velocity in a Fabry-Pérot resonator can be also expressed as a constant gain per unit time and reduction of loss of a resonator. From this point of view, quality factors of devices are important. The operating points of the devices are above the light line of air, as can be seen in Fig. 1͑a͒ . For such devices, two quality factors should be taken into consideration. One is a quality factor Q Ќ due to the waveguide loss and the other is a quality factor Q ʈ due to mirror loss of a Fabry-Pérot resonator. Q Ќ is estimated by 3D-FDTD as 2600 or 6900 for C and B in Fig. 1͑a͒ , respectively. Q of several thousands is large enough for lasing operation. Therefore we got the lasing operation from the modes above the light line. On the other hand, Q ʈ is estimated as −2n g l / ͑ log R͒, which is proportional to the group index n g and becomes infinity at a zero group velocity point. Assuming R = 0.3, l =70 m, and = 1.6 m, Q ʈ Ϸ 230n g and comparable to Q Ќ when n g Ͼ 10. This means that the gain enhancement due to the increased group index in our experiment is large enough so that there is some margin of cavity length. It could be possible to obtain lasing oscillation in even shorter cavity.
In summary, low group velocity effects in a photonic crystal waveguide other than the conventional DFB were experimentally demonstrated in this work. From the lasing property, it was confirmed that these low group velocities can raise optical gain and thus Fabry-Pérot laser oscillation in relatively short cavity length was realized. These low group velocities can expand the capability of slow light in photonic crystals.
